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During  the  past  year,  this  research  program  has  focus  in  two  main  areas  relating 
to  the  effects  of  PFOA  and  PFDA  on  hepatic  metabolism,  namely  phospholipid  and 
carbohydrate  metabolism.  Through  the  use  of  NMR  spectroscopy  and  standard  bio-, 
chemical  assays,  these  studies  have  probed  specific  metabolic  pathways  and 
examined  the  impact  of  perfluorocarboxyllc  acid  exposure.  This  investigative 
strategy  will  delineate  the  metabolic  effices  exerted  by  these  compounds  and  aid 
in  developing  a  clearer  understanding  of  the  hepatotoxic  mechanisms  at  play. 

In  summary,  these  studies  have  demonstrated  that  PFDA  treatment  exhibits  unique 
metabolic  effects  which  are  not  obserbed  with  PFOA.  PFDA  depresses  glucose 
transport  into  hepatocytes  and  inhibits  glycogen  synthesis.  It  also  shows 
dramatic  effects  upon  hepatic  phospholipid  metabolism.  PFDA  activates  a  phospha¬ 
tidylcholine-specific  phospholipase  C  which  has  important  implications  with  regard 
to  various  cellular  processes.  It  is  likely  that  this  effect  of  PFDA  may  trigger  a 
cellular  signaling  mechanism  through  diacyglycerol  and  subsequent  activation  of 


protein  kinase  C.  Current  investigatiosn  in  our  laboratory  are  addressing  these 
cellular  metabolites,  enzymes,  and  pathways.  These  research  endeavors  will 
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AFOSR— Annti&l  Technical  Report  Submitted  January  S.  ifi&4 

L  btiodiiCtloa/Reaeardi  Objectives 

The  ptlmaiy  objective  of  this  research  program  is  to  gain  a  better  understanding  of  the 
toxicological  mechanisms  associated  with  perfluorocarboxylic  acids.  These  studies  Involve 
the  application  of  nuclear  magnetic  resonance  (NMR)  spectroscopy  in  vivo  and  strive  to  further 
our  understanding  of  the  metabolism  of  these  compounds,  their  effects  on  endogenous  liver 
metabolism  and.  in  general,  to  expand  the  applicability  of  the  NMR  technique  in  the  field  of 
toxicology. 

The  hepatotoxlcity  associated  with  periluoro-n*octanolc  add  (PFOA)  and  peilluoro-n- 
decanolc  add  (PFDA)  In  rats  has  been  the  primary  focus  of  our  researdi  efforts.  Our 
investigations  during  the  past  year  have  led  to  a  new  realm  of  study  Involving  biochemical 
assairs  for  specific  enzyme  activities  and  metabolite  concentrations.  The  laboratory  is  rapidly 
gaining  experience  and  learning  new  techniques  In  radioisotope  assays.  This  expansion  in 
capabilities  has  enabled  our  research  program  to  obtain  more  detailed  Information  regarding 
the  metabolic  consequences  accompanying  hepatotaxiciQr.  In  a  beautifully  complementaiy 
fashion,  the  NMR  studies  provide  information  to  identify  the  ^eclAc  metabolic  pathways 
udilch  are  affected  by  the  peilluorpcaiboixyllc  adds,  and  standard  biochemical  anafyses  then 
confirm  enzymatic  involvement  and  alterations  in  the  concentration  of  various  important 
Intermediary  metabolites.  NMR  data  obtained  from  tissue  fri  vivo  aiui  complementary 
taformation  from  biochemical  assays  provide  a  more  complete  picture  of  the  metabolic 
processes  under  investigatlonl  i^e  cumulative  infoimatlon  obtamed  from  these  experiments 
provides  new  insight  toward  our  understanding  of  the  mechanisms  Involved  In  the 
hepptotoxldty  associated  with  this  dass  of  compounds. 

n.  PabUcatioiis 

Fun  Journal  Publications 

C.M.  Goecke,  B.M.  Jiemot,  and  N.v.  Reo.  ‘Effects  of  ihe  Peroxisome  Prollferator. 
Pexfiuoro'n-decanolc  Add.  on  Hepatic  Gluconeogencsls  and  Clycogenesis:  A  NMR 
Investigation.'  C/iei’t.  Research  ToxicoL  (hi  press:  win  appear  In  Jan/Feb  1994  Issue). 

N.  V.  Reo,  C.  M.  Goecke.  L.  Narayanan,  and  B.  M.  Jamot.  'Effeds  of  Perfluoro-n- 
octanoic  Add,  Perfluoro-n-decanolc  Acid,  and  Cloftbrate  on  Hepatic  Phosphorus 
Metabolism  In  Rats  and  Guinea  Pigs  in  Vivo.’  ToxiojL  Appl.  PharmacdL  194  (in  presd- 
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Published  Abstracts/Presentations 

C.M.  Ooecke.  N.V.  Rco.  J.  Wyman  and  B.  M.  Jamot:  “Effects  of  Pcrfluoro-n-DccanoIc 
Add  on  Hepatic  Glucose  Transport.*  The  Toxicologist .  Society  of  Toxicology,  Annual 
Meeting.  Dallas.  IX,  March  1994  (Accepted). 

N.  V,  Reo.  L.  Narayanan  and  C.  M.  Goecke:  “Induction  of  Liver  Phospholipase  C  Activity 
by  the  Perooclsome  Proliferator,  Perfluorodecanolc  Add.'  International  Society  for  the 
Study  of  Xenoblotlcs,  ISSX  Proceeding.  4. 103  (1993).  Presented  at  the  Fifth  North 
American  ISSX  Meeting.  Tucson.  AZ.  Qctdier  1993. 

C.  M.  Goeckc.  L.  Narayanan,  B.  M.  Jamot  and  N.  V.  Reo:  “Effects  of  the  Peroxisome 
Proliferator  Perfluorodecanolc  Acid  on  Hepatic  Glucose  and  Alanine  Metabolism.* 
International  Society  for  Study  of  Xenobiotics,  ^SX Proceeding,  4. 166  (1993). 
Presented  at  the  Fifth  North  American  ISSX  Meeting.  Tucson.  AZ.  October  1993. 
Received  student  award  for  Best  Sclentiflc  Abstract  and  Presentation. 

Manuscript  in  Preparation 

.  '  'a 

N.  V.  Reo.  C.  M.  Goecke,  and  L.  Narayanan.  “Induction  of  Liver  Phospholipase  C 
Activity  by  the  Peroxisome  Proliferator.  Peifluoro-n>decanoic  Acid.'  Planned 
submission  to  either  TbxiooL  Lett,  or  J.  Biol  Chem. 


HL  Penwiuiel 

Laboratoru  Technician 

The  AFOSR  grant  provides  support  for  a  full>time  research  laboratory  technician.  Latha 
Nar^anan  held  this  position  from  July  1992  until  September  7. 1993  when  she  resigned  to 
take  another  Job  at  Wrlght^Patterson  AFB.  Latha  Is  a  very  skilled  biochemist  and  helped  to 
foster  our  research  progress  in  the  area  of  biochemical  assays.  Her  e^qiiertise  in  the  laboratory 
is  greatly  missed:  three  months  were  ^pent  in  a  job  search  to  fin  this  vacancy. 


Recently,  on  December  13. 1993  Katrina  Kling  was  hired  as  a  research  technician.  Katrina  has 
a  M.S.  degree  in  Zoology  and  she  is  currently  becoming  famfUar  with  our  laboratory  and 
resd^h  program. 

Students 

Currently,  the  laboratory  has  two  PhT>.  studenia.  Carol  Goecke  and  Mehdi  Adinehzadeh,  who 
are  working  on  their  dissertation  research  in  the  AFOSR-funded  program. 


Carol  Ooecke.  who  is  supported  by  an  ASSERT  grant,  has  recently  completed  all 
experimentation  and  is  currently  writing  her  dissertation.  She  expects  to  complete  the  degree 
program  and  graduate  by  March  1994.  Carol  has  expressed  a  desire  to  continue  working  in  the 
laboratoiy,  and  I  am  hopeful  that  mon^  will  be  available  in  the  AFOSR  grant  to  support  her  in 
a  postdoctoral  capacity. 
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Mehdi  Is  a  second-year  Ph.D.  student  who  Joined  the  laboratory  in  June  1993  and  is  supported 
by  a  graduate  stipend  from  the  AFOSR  grant 

mfaijnrii*  Artz  was  a  Ph.D.  graduate  student  who  worked  in  this  laboratory  briefly  in  1992  and 
then  left  In  Januaiy  1993.  She  was  supported  for  only  one  month  on  the  AFOSR  program 
before  leaving  to  join  another  laboratory  at  WSU. 


nr.  Kateiaetloiis  with  Afar  Force  and  other  DcosLaboratoties 

Our  laboratory  participates  in  an  acUve  ongoing  collaboration  with  Capt.  Bruce  Jamot.  Ph.D. 
of  .the  Toxicology  Division,  Armstrong  Laboratory,  Wirlght-Pattcrson  AFB.  We  meet  on  a 
rtgilor  basis  to  discuss  ^ta  and  plan  experiments.  Bruce  is  also  a  co-author  on  the  two 
manuscripta  which  were  accepted  for  publication  this  past  year. 

Another  coUaboratlon  was  also  initiated  this  year  with  Lt.  Commander  John  ^K^man  of  the 
Naval  Medical  Research  Institute  (NMRl).  Toxicology  Detachment.  Wright-Patterson  AFB.  Dr. 
Wyman  is  an  expert  in  rat  liver  perfusion  and  has  assisted  our  laboratory  in  a  aeries  of 
w|if!runenia  to  investigate  the  cflects  of  PFDA  on  hepatic  ^ucose  transport  (vtde  b]fhai.  These 
igtperhnenta  involved  personnel  fiom  ny  laboratory  and  Dr.  Wyzxuai’s  laboratory  and  used 
equipment  at  the  NMBI  laboratory  at  Wright-Patterson  AFB.  These  experiments  were 
comideted  in  December  1993.  We  continue  to  interact  with  Dr.  Wyman  and  anticipate 
mamiscilpt  preparation  during  the  early  part  of  1994. 

V.  Additlanal  mfimatlaD 

Our  sdcntlflc  achievements  received  recognition  this  year  at  the  Fifth  Annual  North 
American  Conference  of  the  International  Society  for  the  Study  of  Xenoblohcs  which  was  held 
in  Tucson,  Arizona  on  October  17-21. 1993.  Carol  Goedre,  a  Ph.D.  student  In  my  laboratory, 
was  flie  recipient  of  an  award  for  best  student  abstract  and  presentation  for  our  work  involving 
the  effects  of  PFDA  on  hepatic  carbohydrate  metabolism  (copy  of  award  letter  attached; 
Appendix  I).  All  student-submitted  abstracts  (39  total)  were  evaluated  by  a  distinguished  panel 
of  Judges  and  four  winners  were  chosen.  This  award  slgnilles  the  excellent  work  that  Carol  has 
done  in  the  laboratory  and,  additionally,  it  acknowledges  the  recognition  and  signillcance  of 
our  research  within  the  toxicology  sclentlflc  community. 


3 


j 


.  Rpr.19  ’94  14:49 


0000  UlSU^'finG  RES  LflB 


P.  5/19 


VL  RBSBARCa  ACCOMPLISHMENTS 

A.  Bl&cts  of  PFDA  on  Hepatic  CaibOfaydxatelOetaboUtnn 

Tills  research  program  has  provided  the  first  demonstration  that  PFDA  has  dramatic  effects 
on  liver  caitiohydrate  mechanism.  This  conduslon  is  predominantly  supported  from  results 
of  13C  NMR  studies  of  rat  liver  (n  vWo.  A  detailed  description  of  this  work  including 
signlflcance,  results,  and  discussion  was  presented  in  last  year’s  Annual  Technical  Report 
(submitted  January  14.  1993). 

This  work  culminated  Into  a  manuscript  which  was  recently  accepted  for  publication  in 
Chemical  Research  in  Toxicology  (preprint  attached,  ^pendbe  Ip.  The  following  discussion 
pertains  to  new  data  in  this  area  of  study,  and  a  more  detailed  presentation  of  data  which 
esdsted  only  in  preliminary  form  last  year. 

The  main  objective  of  this  particular  senes  of  experiments  was  to  examine  the  effects  of  PFDA 
on  the  processes  of  hepatic  glycogenesls  from  glucose  and  alanine— a  glucogenic  amino  acid. 
These  studies  employed  labeled  compounds  in  coi^unction  with  t^c  NMR  spectroscopy  to 
monitor  specific  metabolic  pathways.  Gluooneogenesls  and  glycogenesls  fiom  alanine 

are  active  in  both  PFOA-treated  and  corresponding  pair-fed  control  rats.  Interestingly, 
however.  dUTcrerxes  between  these  two  groups  appear  in  the  labeling  pattern  observed  in 

glutamate.  The  analyses  of  these  data  were  not  complete  at  this  time  last  year  and,  thus,  it  was 
presented  as  preUmlnaiy  data  in  last  year’s  report.  'The  final  data  analysis  and  interpretation 
axe  given  bdow. 

Glutamate  lJiht>Hna  •  Entry  ofPunivatB  into  TCA  Cucte 

ThO  metabolism  of  alanine  involves  its  conversion  to  pyruvate  and  the  entry  of  pyruvate  into 
the  TCA  cycle  either  as  oxaloacetate  via  pyruvate  carbos^iasc  (PC),  or  as  acetyl-CoA  via 
pyruvate  dehydrogenase  (PDH).  Ultimately,  ^utamate  attains  labeling  from  the  TCA  cycle 
intermediate,  a-ketoglutarate.  The  labeling  of  glutamate  reflects  the  percentage  of 
pyruvate  which  enters  as  oxaloacetate  and  that  which  enters  as  acetyl-CoA.  Pyruvate  which 
enters  the  TCA  cycle  as  oxaloacetate  yields  C2  and  C3  labeled  glutamate,  whereas  the  C4  carbon 
of  ghitaniate  attains  a  label  only  from  pyruvate  which  is  converted  to  acetyl-CoA  Thus  the 
(C2  C3)/C4  ratio  of  glutamate  carbon  labeling  is  related  to  the  relative  activiQr  of  PC  versus 
PDH.  This  ratio  is  directly  obtained  from  the  peak  intensities  in  the  t3C  NMR  spectra  of  liver. 
Figure  1  clearly  shows  well  resolved  resonances  for  the  individual  carbons  of  the  glutamate 
molecule. 
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ngOMl*  Bspuded  region  ofprat«ih4eooupled'*CNMR  liver 

di£fareBce«piidn.obUioedi5aiapoM>v  (S-t*CIeUBine  botua, 
repreaeatlBC  10  ndn  of  etgnl  gvengiiig.  DoU  acqoiaitiea  aad 
prooeuiBg  pereateUn  are  ai  giVM  b  Ssperinian^  PtoceiIttfM 

~Tii  “irrB  (A)  Peit>fed  control ntioeamu  oaly 
(Group  4C):  (B)  PFDA-treetedntrocehing  only  t3>'*(3eleaiae 
(Group  4ri-  Tlie  labeled  ^NMRpeakemdudotbeeo  due  to 
UMa-eDdP*aiKH&aiaf<KD-|lueotK  d^2,dC-9,iiC-0,pC-6.e(C' 
2,«<7-3i«Bd<(C-6.  Abbtavi^aoB  G^.^yoogeniGlu. Automate; 
Gla.gluMaplnB;Ala,aladi»;A^»,aepartate;w,lectate.  Carbon' 
13  cbemioal  abifta  are  given  rabdiira  to  TM8  at  0  rom  by  aattinp 
the  Cf  of  alanine  at  17^  ppm. 


The  (C2  ‘(•C3)/C4  ghitamate  intensity  ratios  forFFDA  and  control  rats  are  shown  In  Table  1. 


The  experiment  involved  the  administration  of  (3*i3CI  alanine  with  (Group  5)  or  without 
(Group  4)  an  tnlravenous  infusion  of  unlabeled  ^ucose.  The  C  and  T  suffixes  on  the  group 
names  identify  control  and  treated  (PFDA)  animals,  respecthrely. 


.  ^SUa  BaUaa af^Vt-Oel/Cf  Qlaiaaaata  latoaaiileB 
(Uaai  *  BS>  far  nma  a^  (air-Fad  Cootrol  Ram 
_ Maaaaied  fa  ««CWMBUver  Spectra _ 

GtooptC:  (HoBp4Ti  (SraupOC:  CnmCT: 
t>ma<pfa)  eeaiid,  PFDA,  eoatrol  PFoA. 

poW'eianlae^  (-jglueeee  j-j'^aecw  (■»)-clucoea  (»)ilacBM 

U  .  SjBALOM  la^OM  2.1±afi* 

is  7a*i4*»  zs±oj»  isisijp^ 

ss  7aaLaM  atacum  s4aoAfa 


*Tfaie  peiato  repieeaat  tba  nUiwIat  in  time  of  eadt  I0«fa 
dUfereacBiBocBumaequliii  iii,«»«lwini«tr«tlaii.  *  Deaotta 

a  eigaiScaBi  difltoaaea  (p  s  OjOS)  litweea  PFDA  rtu  ead  tbair 
oonopoodiag  piiiv(M  oentnL  <  Det  (tie  t  ilgtofictiit  dlfferepot  (p 
S  OM)  bafacM  oemiol  ntoteodviB '  Mly  alaDtoa  (Group  4C)  end 
eoatrol  rate  laceiviiig  elaefaa  tad  uahbeM  giueoea  (Group  SC). 
^Penotao  •  aicaifieaat  dlfftniwo  (p  s  0J05^  befaeoa  PFOA  tato 
lajeMai  only  ebaiae  (Group  4Tt  tad  PFDA  rate  loeelvtog  aluine 
■ad  ualdMkd  ghlecw  (Gioap  ST). 
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Within  each  group,  the  (C2  +  Qj)/C4  glutamate  ratio  remains  relatively  constant  through  lime. 
Comparison  of  the  glutainatc.  ratios  between  PFDA  and  control  animals,  however,  reveals  a 
slgnlQcantfy  lower  ratio  In  PFDA  rats  receiving  only  alanine  (Group  4T1  relative  to  control 
(Group  4C)  from  15  to  35  min  post-alanlne.  In  addition.  PPDA  rats  receiving  alanine  and 
glucose  (Groups  57)  show  a  slgnlllcantly  lower  ratio  compared  to  control  (Group  60  at  35  min 
post-alanlne. 

These  data  suggest  that  PFDA  rats  have  a  greater  relative  activity  of  PDH  versus  PC  as 
compared  to  controls.  Differences  in  PDH  activity  may  arise  from  differences  tn  lipolytic 
activity.  Our  data  suggest  a  dysfunction  in  fatty  acid  metabolism  In  PFDA  rats  and  corroborate 
other  studies  whkdi  show  that  PFDA  inhibits  fatty  acid  oxidation.  This  greater  PDH  activity 
also  suggests  that  pyruvate  serves  as  the  predominant  source  of  acetyl-CoA  tn  treated  rats. 

At  all  time  points  examined.  PFDA  rats  receiving  alanine  and  unlabeled  glucose  (Group  51) 
show  a  significantly  lower  ratio  than  PFDA  rats  receiving  only  alanine  (Group  41).  In 
addition,  control  rats  receiving  alanine  and  unlabeled  glucose  (Group  5C)  show  a  significantly 
lower  ratio  than  control  rats  receiving  only  alanine  (Group  4C).  Ihe  magnitude  of  the  decrease 
In  this  ratio,  however,  is  greater  between  control  groups  than  between  treated  groups.  These 
results  suggest  that  the  addition  of  supplementary  glucose  yields  a  g;reater  relative  activity  of 
PDH  versus  PC.  The  reason  lor  this  is  not  known. 

Mechanism  for  IntitbOton  of  Henallc  Glucoaenests 

Results  (roni  the  NMR  studies  demonstrate  that  PFDA  inhibits  glycogen  synthesis  from 
glucose  but  not  from  alanine.  Note  that  the  Glycogenic  pathways  from  glucose  and  alanine 
converge  at  glucose-6-phosphate  (G6{^  and  then  proceed  via  a  common  pathway  to  glycogen. 
This  suggests  that  the  inhibition  in  this  metabolic  process  must  lie  in  the  transport  of  glucose 
intalhe  hepatocyte  and/or  the  phosphorylation  of  Gucose  by  Gucokinase.  This  hypothesis 
was  further  tested  by  administering  2-deo]^gh)C06e  (2-DG)  to  PFDA  and  control  rats  and 
measuring  hepatic  2'deoxyGucose-6-pho8phate  (2-DG6PI  concentrations.  Control  rats  yield  a 
oa  2.6-fold  greater  concentration  of  2-DG6P  (mean  ±  SE)  than  PFDA  rats  at  S  days  post-dose, 
1.90  ±  0. 1 1  versus  0.74  ±  0.07  mmol/kg  of  protein.  lespecttvdly. 

Like  Guco&e.  2-DG  is  transported  into  hepalocytes  via  the  Gucose  transporter  and  Is 
phosphorylated  by  Gucokinase  to  form  2-DG6P:  however.  2-DG6P  Is  not  a  substrate  for 
glycolysis  nor  glycogenesis.  Since  PFDA  rats  show  signlilcantty  less  2-DC6P  than 
corresponding  controls,  this  data  Is  consistent  with  the  hypothesis  that  PFDA  tohihlts  either 
the  tran^ort  of  2-OG  into  the  hepatocyte  and/or  Its  phosphorylation  by  glucokinase. 
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Test  of  Hepatic  Glucose  Transporter  Activity 

■  Tb  our  objectives  in  an  expedltlOKS  manner  with  regard  to  the  effects  of  PFDA  on 

the  transport  of  glucose  into  liver,  it  was  helpful  to  establish  a  collaboration  with  LCDR,  John 
Wyman.  Ph.D.,  of  the  Naval  Medical  Research  instUutc.  Toxicology  Detachment.  Wright- 
Patterson  AFB.  Dr,  Wyman's  iaboratoiy  is  equipped  with  a  rat  liver  perfusion  apparatus  and 
he  is  exceptionally  skilled  in  this  technique. 

Generally,  this  experiment  involved  perfusion  of  liver  with  a  radlolsotope-labcled  glucose 
analog  in  order  to  determine  glucose  transport  activity  in  both  PFDA-treated  and  control  rats. 
This  experiment  proved  to  be  quite  difficult  and  the  experimental  procedures  required 
considerable  refinement  in  order  to  obtain  reliable  data.  Our  efforts  were  successful,  however, 
and  the  results  show  that  PFDA  severely  Impacts  carbohydrate  metabolism  by  inhibiting 
glucose  transporter  acttvily  at  the  cell  membrane.  Details  of  this  experiment  are  outlined 
below. 

Experimental  Technique /Methods 

The  goal  of  this  study  was  to  determine  the  effect  of  PFDA  on  hepatic  glucose  transport  This 
was  accomplished  using  a  paired  tracer  first  pass  extraction  technique  m  perfused  rat  livers. 

Id  brief,  livers  were  excised  from  PFDA  and  control  rats  on  day  5  posltreatment  and  were 
perfused  with  tracer  quantities  of  a  radiolabeled  glucose  analog.  S-O-ff^C-methyll-D-glucose 
Q]4C]3‘0-MG).  Similar  to  D-glucose.  P^CIS-O-MC  equUlbrales  rapidity  between  the 
Intracellular  and  extrac^ulw  spaces,  but  unlike  glucose,  this  analog  is  not  metabolized. 
Otbeia  have  shown  that  the  affinity  for  glucose  transport  is  approxlmatety  equal  for  D-glucose 
and  3-0-MG.  Radiolabeled  sucrose,  [fructose- 1-3 H(N)1  (pHIsucrose),  was  also  administered  as  a 
xnaiker  of  extracellular  volume.  In  the  isolated  perfused  liver.  (3H]sucfose  does  not  penetrate 
the  cell  and.  therefore,  diffuses  only  into  the  extracellular  space.  Sucrose  thus  provides  a 
maliicer  of  the  extracellular  volume  and  hepatic  glucose  transport  was  calcidatcd  from  the 
change  m  the  ratio.  P^C|3-0-MG/pHlsuciose.  during  passage  through  the  liver. 

Antmal  Treatments.  Male  Fiseher-344  rats  (225-260  g)  were  treated  with  a  single  ip  Injection 
of  50  mg  PFDA/kg  dissolved  In  vehicle.  I ;  1  v/v  propylene  gtycol/water.  PFDA  animals  (nsT) 
lecefved  ad  ItbUum  access  to  food  and  water.  Weight-paired  control  animals  (nsS)  received  a 
single  Ip  injection  of  vehicle  and  were  given  ad  libitum  aocr.ss  to  water  but  were  fed  the  same 
amount  of  food  as  their  PFDA-treated  partners  bad  consumed  during  the  previous  24-h  period 
(pair-feeding). 
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TWiiqton  apparatus-  The  pcrfuBlon  apparatus  employed  two  vessels  (hot  and  cold),  each 
containing  100  ml  of  Krebs’s  Ringer  solution.  The  ‘hof*  vessel,  however,  also  contained 
(MCI3-0-MG  (0.25  pCU  and  (SHlsucrose  (0.25  nCl).  Perfusion  from  the  cold  vessel  used  a 
recimilatlng  system  and  flowed  through  a  membrane  oxygenator  (12  feet  of  sialasUc  cubing 
through  which  95%  O2  and  5%  CO2  was  bubbled),  temperatuie  probe,  filter,  bubble  trap,  pH 
probe.  Influent  O2  probe,  and  Influent  pressure  gauge  before  reaching  the  liver.  The  effluent 
paffftfd  through  an  O2  probe,  effluent  pressure  gauge,  and  collected  back  into  the  original  vessel. 
The  hot  vessel  was  used  in  a  non-reclrculatlng  maimer  with  effluent  collected  directly  into 
scintillation  vials  as  described  below. 

Uvur  nftrfualon.  At  5  days  posttrealment.  rats  were  anesthetized  with  halothane  (5%  for 
induction;  1%  maintenance)  and  livers  were  surgically  exposed  by  a  xlpboid-pubis  midllne 
incision.  Intestines  were  gently  placed  to  the  arxtinals  left  in  moist  gauze  and  the  bile  duct  was 
canniiiafivl  (PEIO).  Caudate  lobes  were  freed  by  tying  two  ligatures  around  the  esophagus  and 
iDdsing  between  tire  ligatures.  The  portal  vein  was  cannulated  (Bard-A-Calh. .  16  gauge)  and 
Itveis  were  initially  perfused  with  0.8  ml  of  a  hepailn/saline  solution  (1:1  v/v)  followed  by 
perfusion  with  warm,  oxygenated  Krebs>Rlnger  solution  (10  ml/min).  The  thorax  was  opened 
to  eiqrose  the  heart  and  the  inferior  vena  cava  was  cannulated  (PE  240*1.7  mm  ID)  via  an 
indalon  in  the  right  atrium.  Livers  were  excised,  washed  with  warm  saline,  transferred  to  the 
perfusion  cabinet  (maintained  at  37  X)  and  connected  into  the  perfusion  circuit.  Livers  were 
placed  into  a  petit  dish  lined  with  a  silk  doth,  cannulae  positions  were  optimized,  and 
perfusion  flow  rate  was  increased  to  25  ml/min.  Livers  were  perfused  with  Krebs  Improved 
Ringers  1  solution  (hcmogiobtn-free )  in  an  anterograde  direction  udng  a  recirculating  system 
for  a  stabilization  period  of  30  min.  During  this  tlm^  hepatic  pressure,  effluent  perfusion  rate, 
arid  bile  flow  were  monitored.'  Iii  addition,  perfusate  samples  (1.0  ml)  were  obtained  at  0. 10. 20. 
and  30  min  for  lactate  dehydrogenase  (LDH)  and  soibltol  dehydrogenase  (SDH)  determinations. 
iTiese  samples  were  stored  on  ice  until  analyzed  (no  longer  than  6  hrd. 

Perfusion  of  the  tissue  with  the  ladlolabded  isotopes  was  initiated  following  the  30  min 
stabilization  period.  The  ”hor  perfusate  was  contained  in  a  separate  vessd  from  which  flow 
to  the  liver  was  controlled  with  a  stopcock.  Perfusion  of  the  tissue  from  this  vessd  was 
non-recirculating.  A  sample  of  the  perfusate  was  withdrawn  from  the  hot  vessel  before 
perfusion  of  the  liver.  When  flow  to  the  liver  was  begun,  tissue  effluent  was  collected  manually 
Into  sclntiUallon  vials  at  2  sec  intervals  for  2  xnln.  Following  collection  of  the  last  effluent 
sample,  the  Influent  tubing  was  disconnected  from  the  portal  vein  catheter  and  an  influent 
sample  was  collected.  At  the  end  of  the  experiment.  Uvers  were  blotted  dry  and  weighed. 
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Analytical  methods.  Influent  and  effluent  samples  were  prepared  for  liquid  scintillation 
speclTotnetiy  by  adding  10  ml  of  sclntlllant  (Scinlevcst)  to  each  sample  and  allowing  time  for 
temperature  equilibration  in  the  scintillation  counter  prior  to  data  acquisition.  The  and 
3H  activities  In  each  sample  were  counted  for  10  min  in  a  Hewett  Packard  Liquid  ScintlUatton 
Spectrometer  with  external  standardization.  Each  sample  was  counted  twice  and  averaged. 

The  percent  hepatic  extraction  (%E)  of  [I^CJS-O-MG  relative  to  the  extracellular  reference 
PH]sucrose  was  derived  from  the  ratios  of  the  isotopes  in  the  inPuent  (Rjn  =  and 

effluent  samples  (Rout«  **Coui/^uJ  as  follows: 

%E=100«|l-{I^t/Rta)l 

Hepatic  extraction  of  (14C|3-0*MG  measured  in  the  flist  3  samples  (6  sec  after  appearance  of 
measurable  amounts  of  PHlsucr'  )e)  was  calculated  and  averaged  for  each  rat.  These  early 
samples  gfyt  the  closest  estimalion  of  maximal  glucose  uptake  due  to  unidirectional  Influx  of 
glucose  into  hepatocytes.  Mean  values  of  %E  were  then  calculated  for  both  PFDA  and  control 
groups. 

StatteHcal  analvaes.  Data  were  analyzed  using  the  Student  t'tcst  for  unpaired  data,  and  are 
considered  to  be  statistically  significant  at  a  value  of  p  <  0.05. 

Rssulta  and  Discussion 

In  this  study,  the  effect  of  PFDA  on  hepatic  glucose  transport  was  assessed  In  perfused  rat  Uver 
Ihxn  PFDA  and  control  rats  on  ds^  5  posttreatment.  Control  rats  yield  a  ca  1.8'fold  greater 
percent  hepatic  glucose  extraction  (mean  ±  SE}  compared  to  PFDA  rats.  27. 1  ±  3.0  vemus  15.5  ± 
2.2,  respectively. 

LDH  is  a  cytoplasmic  enzyme  which  serves  as  an  indicator  of  irreversible  cell  death.  LOH 
values  for  PFDA  and  controLrats  show  no  slgnlOcant  difference  at  any  time  (p  <  0.05). 
suggesting  that  Uver  viability  Is  similar  In  both  experimental  groups.  Therefore,  the  difference 
m  percent  glucose  extraction  (%E)  b^wcen  PFDA  and  control  groups  is  spcclllcally  due  to 
treatment  which  is  net  attributable  to  differences  in  liver  viability  between  groups. 

These  studies  clearly  demonstrate  that  the  inhiblllon  in  hepatic  glycogen  ^thesis,  which  was 
observed  In  earlier  nMR  experiments  following  PFDA  treatment,  is  predominately  due  to  a 
severe  dysfunction  in  glucose  transport.  A  cursory  comparison  of  the  percent  inhibition  in 
glucose  transport  and  the  percent  decrease  in  2-DG6P  concentrations  {vide  (ryro)  in  PFDA- 
treated  rats,  suggests  that  PFDA  inhibits  both  glucose  transport  and  glucokinasc  activity.  A 
more  thorough  analysis  of  the  data  Is  currently  In  progress. 


9 


P. 11^19 


.  fipr.19  ’  94  14:54  0000  IJSU/'MPG.RES  LPB 


Cluc<.')e  is  transported  Into  the  liver  via  the  glucose  transporter.  GLUT  2.  which  is  localized 
primarily  In  the  plasma  membrane.  Others  have  shoum  that  glucose  transport  activity  is 
influenced  by  the  nature  of  the  plasma  membrane:  it  is  altered  by  bHayer  physical  state.  Upld 
acyl  chain  length  and  degree  of  unsaturallon.  and  bllayer  cholesterol  content.  PFDA  may 
indirectly  alter  hepatocellular  glucose  transport  by  influencing  the  nature  of  the  plasma 
membrane.  This  interpretation  is  consistent  with  other  data  from  our  laboratory  which  show 
slgnlflcant  cflccls  of  PFDA  on  phospholipid  metabolism  (uide  Drv/ro)  and  suggests  a  specific 
ntembrane  interaction.  M.  George  and  coworkers  at  Wrlght-Patterson  AFB  have  also  suggested 
(In  past  publications)  that  PFDA  may  act  through  changes  in  membrane  composition  and 
fluidity.  Additionally.  NMR  data  from  our  laboratory  have  shown  that  PFDA  rats  possess 
improved  spectral  resolution  tn  the  i3C  liver  spectra  along  with  an  increase  In  the  intensity  of 
the  methylene  resonance  (at  30  ppm)  relative  to  control  rats.  This  is  believed  to  reflect  either 
an  increase  in  membrane  fluidity- and/or  an  Increase  in  liver  triglycerides  and/or  free  fatty 
adds.  Thus  data  from  various  experiments  seem  to  Indicate  an  interaction  of  PFDA  with 
membranes  and  phospholipids  which,  in  turn,  impacts  a  variety  of  important  cellular 
functions. 


Bw  Studies  of  the  Effects  of  Perfloorocaiboxyfie  Acidi  on  Phospholipid  Metabolism 

Phosphoru8-31  NMR  studies  of  liver  in  vivo  have  revealed  an  interesting  observation  with 
regard  to  the  effects  of  PFDA  treatment.  Liver  phosphochollne  (PCho)  concentration  Is 
significantly  Increased  following  PFDA  exposure.  This  effect  is  unique  to  PFDA  and  is  not 
seen  with  PFOA  nor  cloflbrate  (a  hypolipidemic  drug  and  classic  peroziaxne  proliferatoil.  The 
.  qulnea  pig.  a  nonresponsive  species  with  regard  to  prollfeiation  of  liver  peroodsomes,  is  also 
not  affected  in  this  way  by  PFDA  treatment.  These  data  where  discussed  In  last  year's  Annual 
Technical  Report,  and  a  manuscript  has  recently  been  accepted  for  publication  in  Toxicology 
and  Applied  Pharmacology  (preprint  enclosed;  Appendix  ni). 

The  rtsulis  of  these  studies  suggest  that  PFDA  ^gnlflcantly  impacts  hepatic  pho&phoUpid 
metabolism.  Further  Investigations  in  this  area  during  the  past  year  I  ave  focused  on  the 
measurement  of  specific  enzyme  activities  Involved  in  phosphatidylc  lollne  metabolism. 

Some  very  mteresting  results  have  emerged.  The  experimental  procedures,  data  analyses,  and 
discussion  are  presented  below. 
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Methods 

These  studies  Involved  the  measurement  of  liver  phospholipase  C  and  CTP.-phosphocholine 
cytidytyltransferase  activities  in  PFOA-,  PFDA-treatcd  and  corresponding  pair-fed  control 
rats.  PFOA  and  PFDA  were  administered  via  a  single  ip  Injection  (150  mg/kg  PFOA;  50  mg/kg 
PFDA).  The  dosing  volume  was  less  than  0.4  mL.  Control  animals  were  dosed  according  to  the 
same  regiments  with  an  equal  volume  of  the  vehicle  solution.  Liver  experiments  were  initiated 
at  3  days  and  5  days  post  treatment  with  PFOA  or  PFDA.  respectively. 

The  following  separate  eiqierimcnt  was  designed  to  examine  diiferences  between  control  groups 
with  regard  to  cytidylyltransferase  actMly.  Rais  were  dosed  with  vehicle  solution  and  then 
separated  into  three  groups  dlflerlng  onty  In  the  quantity  of  food  they  were  given  to  eat  and  the 
day  post-dose  that  the  liver  was  assayed  for  enzyme  actlvliy.  These  groups  included:  rats  fed  ad 
UbUum  and  examined  at  5  days  post-dose,  and  two  groups  which  were  fasted  in  a  similar 
manner  to  which  PFOA  and  PFDA  rats  typically  respond  with  regard  to  food  consumption. 
These  groups  win  be  referred  to  as  PFOA-llke  and  PFDA-llke  controls,  and  enzyme  assay 
experiments  were  conducted  at  3  and  5  days  post'dosc.  respectively.  Eissentially.  the  PFOA-llke 
controls  received  UtUe  food  (2-6  g/day)  prior  to  the  experiment,  and  the  PFDA-Uke  controls 
received  Utile  food  for  the  first  two  days  post-dose  and  then  were  completely  fasted  for  the 
remaining  three  days  prior  to  the  experiment.  The  ad  libitum  fed  animals  showed  reduced  food 
consumption  on  the  day  of  the  vehicle  dosing,  but  then  consumed  approximately  19  g  per  day 
thereafter. 

Sample  Prmamiion.  Rats  were  anesthetized  with  haJothane  (5%  induction:  1%  maintenance). 
Uveis  were  surgically  exposed  and  then  removed  by  freeze-clamping  the  tissue  between 
aluminum  plates  chlUed  in  liquid  N2.  The  livers  w«e  homogenized  In  50  mM  ice-cold  Trls- 
HCL  buffer  ("3  mL/g  tissue;  pH  7.4).  A  (ytosolic  fraction  was  prepared  by  sequential 
centrifugation  at  10.000  g  for  20  min  and  50,400  g  for  60  mla  Protein  concentrations  were 
eatbnated  using  the  procedure  described  by  Lofwiy  with  bovine  serum  albumin  as  standard. 
BmgmM  actMtles  are  reported  relative  to  total  protein  content. 

gHMima  Assfitts  Ltver  cytosoUc  fractions  were  prepared  from  PFOA*.  PFDA-treated.  and 
conxspondlng  pair-fed  control  rats  for  each  enzyme  assay.  ;.>cparate  groups  of  animals  were 
used^or  each  assay.  Each  tfratinenl  group  and  its  conespopiUng  control  group  were  analyzed 
on  consecutive  de^ys  using  the  same  reagents  and  radioisotope  stock  solutions.  This  procedure 
helps  to  maintain  consistency  in  the  assay  sensitivity  and  ensures  reliable  comparisons 
between  groups.  The  control  studies  involving  ad  libiium-fed.  PFOA-llke.  and  PFDA-like 
groups  involved  an  analogous  procedure  such  that  all  three  groups  were  analyzed  using 
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assay  media.  Hicsc  three  groups  were  only  analyzed  for  cytidytyltransferaac 

activity. 

Phospholpase  CL  Phospholipase  C  (phosphatidylcholine  chollnephosphohydrolasc)  enqrroe 
activity  was  measured  at  37  "C  using  a  phospholipase  C-  alkaline  phosphatase  coupled  assay. 
Brle{](y.  this  procedure  utilizes  a  phosphatase  to  liberate  inorganic  phosphate  from  the 
phospbobase  product  of  the  phospholipase  C  reaction.  Inoiganlc  phosphate  Is  then  detennined 
spectrophotomeincally  by  measuring  absorbance  at  820  nm.  Each  liver  preparation  was  run 
in  triplicate  using  an  assay  volume  of  1  mL.  Triplicate  assays  deviated  by  less  than  5%. 

Cutidvlyttransjerase.  In  a  separate  study.  Cn’:phosphochollne  cytldylyltransferase  activity 
was  measured  at  37  **0  in  liver  cytosolic  fractions.  Emyme  activity  was  determined  by 
measuring  the  formation  of  radioactive  CDP>chollne  from  phospho[nicthyl-i4C]chollne.  Hie 
CDP'Chollne  was  recovered  by  absorption  to  charooaL  This  radiolabeled  product  was  eluted 
firom  the  charcoal  and  collected  directly  into  scintillation  vials  under  reduced  pressure  using  a 
multiple  sample  flltratloti  manifold  (ttFH226V.  Hoefer  Scientific  Inst.,  San  Francisco.  CA). 

The  assay  was  run  in  duplicate  and  the  enzyme  actlvily  is  reported  per  tng  protein. 

DaiaAnaluaes.  Statistical  anafyses  employed  the  appropriate  Student  t-test  for  paired  and 
unpaired  data. 

Results 

PLC  and  cytldylyltransferase  activities  for  PFOA-,  PFDA-treated  and  corresponding  control 
groups  are  shown  in  Table  2.  PFOA-trealed  rats  show  no  change  m  PLC  activity,  while  PFDA 
catises  a  1.8-fold  elevation  in  this  enzyme  activity  as  compared  to  corresponding  pair-fed 
controls  (p  =  0.0003).  With  r^ard  to  liver  cyttdylyttransferasc  activity.  PFDA-treated  rats 
hat^  30%  less  activity  than  corresponding  controls,  while  PFOA  rats  are  not  dlflerent  from 
their  pair-fed  controls  (p  <  0.01). 

The  effects  of  nutritional  status  can  be  seen  in  the  comparison  between  the  ad  Utfttum-ied 
group  and  the  PPOA-Ilkc  and  PFDA-Uke  controls  (Table  3).  The  PFDA-like  control  rats  were 
completely  fasted  for  72  hours  prior  to  the  experiment  and  show  cytldylyltransferase  activity 
sdiich  is  2.5-fold  greater  than  that  observed  for  fed  animals  (p  a  0.001).  The  PFOA-Uke 
controls  are  not  dUIerent  from  the  od  Ubdum-fed  group.  A  thorough  analysis  and 
tnlei^retation  of  this  data  is'ziot  ^  complete,  and  it  will  not  be  discussed  further  in  this 
report. 
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TABLE  2 

:  Eaxyme  Activity  tPixiDl/xiig  protein/sn^)  37  **0  in  Rftt  liver 

C^osoUe  Fractions 


Groups  t 

. 

Phospholipase  C 

Cytidyfyltransfeiase  n 

PFOA-treated 

9.09  ±  0.92 

1.36  ±0.12  1 

Pair-fed  Control - 

to  PFOA  group 

(  8.75  ±  0.76 

1.47  ±0.16 

PFDA-treated 

14.71  ±  0.87* 

2.26  ±  0.20* 

Pair-fed  Control 
to  PFDA  group 

7.94  ±  0.48 

r 

3.51  ±  0.34 

i  Values  arc  Mean  1  ^  (n  =  3)  Tor  each  group.  PFOA>lrealcd(150mgAg)aiidconre9poindlQg 
controls  were  examined  on  day  3  post  •dose.  PFDA-tieated  (50  mg/kg)  and  corresponding 
controls  were  examined  on  day  5  post-dose. 


*  Denotes  a  stgnlflcant  dlflerence  from  corresponding  control  group  (p  ^  0.005). 
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TABLE  3 

Cytldyl^txHnsfiaase  Activitj  at  37  X  in  Rat  Liver 
Cytosolic  Fractions.  Values  are  Mean  ±  SD  (n  s  2). 


1  Groups 

Activiiy 

(nmol/mg  protein/min) 

Ad  libitum-fed 

1.26  ±  0.09 

PFX>A-llke  Control 

1.29  ±  O.Ol 

PFDA-Uke  Control 

3.13  ±  0.004  1 
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Dlacusslon 

Iblft  study  cleariy  demonstrates  that  PTDA  aflecta  important  enzymes  associated  with 
phospholipid  metabolism  in  liver.  A  significant  induction  in  PLC  activity  and  decrease  In 
c^dyfyltransferase  activity  are  associated  with  PFDA  treatment,  while  PPOA  does  not  aflect 
these  em^nne  activities.  Previous  3iP  NMR  studies  from  our  laboratoiy  have  shown  that  PFDA 
causes  a  significant  increase  In  the  concentration  of  liver  PCho  (Appendix  ni).  As  shown  In 
F^re  2.  PCho  la  a  key  metabbllle  in  phosphatidylcholine  (PtCho]  metabolism.  It  la  a  by¬ 
product  of  PtCho  degradation  via  PLC  and  it  la  a  precursor  for  ti  e  biosynthesis  of  PtCho 
through  the  CDP-ehohne  pathway.  The  rate-determining  step  in  this  biosynthetic  pathway  to 
PtCho  is  catalyzed  by  cytidylyllransferase.  The  Inhibition  of  cytidylylbransfeiasc  and 
Induction  of  P!LC,  which  results  from  PFDA  treatment,  suggests  an  overall  breakdown  of 
pho^;dioliplds.  Spedflcally,  these  data  indicate  that  PFDA  induces  membrane  degradaUon 
through  a  phosphatldylycholine-speclfic  phospholipase  C  activated  mechanism  (Fig.  2).  This 
Is  substantiated  by  the  significant  increase  in  liver  PCho  following  PFDA  treatment.  Indeed. 
PFDA-treated  rats  show  an  increase  in  liver  PCho  concomitant  with  increased  activity  of  PLC 
and  decreased  activity  of  cytldylyltransferase.  PFOA  treatment,  however,  has  no  eflect  on 
PCho  levels  nor  the  actlviiy  of  these  enzymes.  Thus,  PFDA  causes  an  increase  in  liver  PCho  by 
stknulating  the  breakdown  of  PtCho  via  PIC  and  Inhibiting  the  utilization  of  PCho  in  the 
bloqrnthesia  of  phospholipids. 

A  rather  intriguti^  and  Important  mechanistic  implication  of  these  finding  relates  to  the 
efifect  that  these  processes  may  have  on  the  concentration  of  dlacylglycerol  pAG).  The 
hydrofysis  of  PtCho  by  PLC  generates  DAG  in  addition  to  PCho.  Thus  our  data  suggest  that  DAG 
leveb  may  also  be  elevated  m  PFDA-treated  rats.  Current  studies  in  our  laboratory  are  focused 
on  the  measurement  oTltver  DAG  concentrations  in  response  to  PFDA  and  PFOA  treatments. 

DAG  Is  a  key  metabolite  since  It  Is  a  precursor  for  both  phospholipid  and  trlglyceTlde 
synttieals.  PFDA-treated  rats  are  Imown  to  have  elevated  liver  triglycerides;  our  studies  are 
providing  a  clearer  understanding  of  the  mechanisms  involved  in  this  process.  More 
ftnportanlty,  however,  is  the  role  of  DAG  as  a  seermd  messenger  in  signal  transduction  and  the 
Involvement  of  PtCho  as  a  source  for  this  zzKtabolile.  Elevated  DAG  concentrations  can 
actlvr  te  protein  kinase  C  and  ultimately  affect  many  cellular  processes.  The  effects  of  PFDA 
on  phospholipid  metabolism  may  provide  a  mechanism  by  which  this  compound  influences  a 
variety  of  cellular  responses  including  cell  proliferation,  hepatomegaly,  and  induction  of 
cytoduome  P450  en^mes. 
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CDP-choHne:  1.2diacylglycefol 
phosphocholinetransferase 


Phosphatidylcholine 


Activates 
protein  kinase  0 


Affects  various  cellular 
processes,  l.e.: 
(^chrome  P-450 
cell  proliferation 
cell  differentiation 
cardnogeneas 


fifaw  «  Sitnincance  of  PFDA’s  effecg  on  liver  phospbotlpirf  memhftilmi  phtia 

spcdIteFLC and  iiddbitsCTacUviiy  Gasman  increase  in  PChoUne.  ItoimpcnnRordiacylglyceiDlintbobkxyBthesb 
orpiK>qih«idjrlcholineandiriglyceride«.aiiditsioleasaseeoiidiaesmK^  Onr  data  suggest  that  the 

toxicological  mechanism  associated  with  PF  DA  treatment  inqf  mvolw  acdvaiioo  of  pnxein  kinase  C.  Key:  PCholina* 
pbosphochoUne.  DaG  >  diacylglycorol,  PLC  -  phospholipasoC.  CT  •  CIPrphoqAocholine  cytidylyitnnafbase. 
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Interestingly.  R.  Thurrnan  and  coworkers  have  recent^  shown  that  certain  peroxisome 
'  proUferatoTB.  including  PFOA.  can  stimulate  protein  kinase  C  activity  In  rokarosomes.  They 
further  suggest  that  this  activation  of  protein  kinase  C  may  play  a  central  role  in  the 
mechanism  of  peroxisome  prollferator'induced  hcpalocarcinotna.  Future  studies  In  our 
laboratory  will  involve  the  measurement  of  protein  kinase  C  activity.  We  hypothesize  that 
FFDA  may  be  an  activator  of  protein  kinase  C  mediated  through  a  DAG-second-messenger 
slgnaL  Such  cdlular  events  can  have  profound  elTects  on  metabolic  processes  and  may 
constitute  a  probable  mechanism  for  the  hepatotoxlcity  associated  with  FFDA. 

VL 

C.  Pvdlmliiaty  Studies  to  Investigate  Whether  FFDA  Penetrates  the  Cell  Membtane. 

The  effects  of  FFDA  on  liver  phospholipid  metabolism  lead  to  an  interesting  question:  ‘Does 
PFDAxross  the  plasma  membrane  and  become  internalized  in  the  cdlT*  It  is  quite  likely  that 
FFDA  may  not  enter  the  ceU  but  only  Interact  with  the  membrane,  possibly  imbedding  itself  In 
the  membrane  and  disrupting  membrane  structure  and  function  of  membrane  proteins.  Such 
an  tnterprelatlon  may  eiqplaln  many  of  the  hepatotoxic  differences  observed  between  FFDA 
andPPQA. 

Dunng  this  past  year,  wc  attempted  to  address  this  question  through  the  use  of  NMR 
spedioscopy  in  oocyunctlon.  with  chemical  shift  reagents.  These  studies  were  designed  to 
qulddy  evaluate  tf  NMR  techniques  could  be  used  bi  vivo  to  distinguish  intracellular  versus 
extracellular  FFDA.  We  probed  various  paramagnetic  transition  metal  and  lanthanide  ions 
for  the  capacity  to  ahlft  the  i^F  NMR  resonances  of  FFDA.  These  Included  Co^*,  .Y^,  and  Eu^ 
in  vaiylng  mole  ratios  relative  to  FFDA.  For  Co^a  we  also  tnvesUgated  the  dfects  on  the  >^0 
NMR  si^ials  of  PFD^  Additionally,  Gd(DTPA)  —  a  nuclear  relaxation  tigent — was  used  as  a 
means  to  selectively  affect  the  i>F  relaxation  rate  of  the  extracellular  FFDA.  If  this  was 
effective,  then  specillc  NMR  eiqKrlinents  could  be  used  to  selectively  observe  only  the 
intracellular  FFDA  signal. 

AlthoujSh  earty  results  with  some.of  these  shift  and  relaxation  agents  showed  promise,  ftirther 
studies  in  biological'type  systems  proved  to  add  a  great  deal  more  complexity  to  the 
eityertments.  Initial  studies  were  done  in  simple  aqueous  solutions,  but  later  experiments 
mvohring  rat  serum  dowed  that  me  FFDA  interacts  very  strongly  with  albumin.  This 
interaction  makes  FFDA  much  less  accessible  to  the  shift  or  relaxatioix  agent  and  stgniOcantly 
weakens  the  effect.  These  experiments  were  temporarily  discontinued  in  order  to  concentrate 
onr  focus  on  the  metabolic  impact  of  the  petfluorocarboiqrUc  acids. 
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vn.  Oveiall  ConeiDtioiis 

biirtag  the  past  year,  this  ieseaxeh  pre^grsiji  has  focus  in  two  main  areas  relatliig  to  the  dfecta 
of  PFOA  atui  PFDA  on  hepatic  metabolism,  namety  phospholipid  and  carbohydrate 
metabolism.  Ihrough  As  use  of  NMR  spectroscopy  and  standard  btochemical  assays,  these 
studies  havje  probed  specific  metaboUc  pathways  and  examined  the  impact  of 
perfluorocarboxyllc  acid  exposure.  This  imrestigative  strategy  wiU  delineate  the  metabolic 
effocta  exerted  by  theaecompounds  and  aid  ta  developing  a  clearer  understanding  of  the 
hepatotoodc  mechanlams  at  play. 

In  summary,  these  studies  have  demonstrated  that  PFDA  treatment  wThihifi*  metabolic 

effects  which  are  not  observed  with  PFOA  PFDA  depresses  glucose  transport  Into  bepatocytes 
and  inhibits  glycogen  ^mthesis.  It  also  shows  dramatic  effects  upon  hepatic  phospholipid 
metabolism.  PFDA  activates  a  phosphatidylcholine-specific  phospholipase  C  which  ha* 
important  implications  with  regard  to  various  ceQular  processes.  It  Is  likefy  tha*  this  effect  of 
PFDA  may  trigger  a  cellular  aignallng  mechanism  through' dlai^lglycerol  and  subsequent 
activation  of  protein  kinase  C.  Current  Investigationa  In  our  laboratory  are  addressing 
cellular  metabolites,  enzymes,  and  pathways.  These  research  endeavors  will  provide  new 
Information  regardiiog  the  mechanisms  of  txxxictty  associated  with  a  class  of  compounds  which 
an  important  in  various  Air  Force  appheatioas. 
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